Pre-Doctoral Students' Meeting somes (as judged by SDSIPAGE). T o distinguish between [ 14C]glycine transport and non-specific binding to liposomes and to the millipore filters on which they were trapped, uptake values were corrected for this binding by subtracting radioactivity associated with ice-cold zero-time incubations. Furthermore to establish that [I4C]glycine was transported into an intravesicular space, the osmolarity of the assay buffer was increased by the addition of 0.5 M sucrose, to decrease the intravesicular volume and hence reduce glycine uptake at equilibrium. Thus in another experiment in the presence of 0.5 M sucrose, uptake of glycine was 261 pmol/ mg protein after 30 min, as compared with the control uptake of 508 pmol/mg protein, confirming that the radioactivity retained on the filters is contained within an osmotically-sensitive space, rather than bound to the surface of the liposomes.
Introduction
i)-Glucose is an important nutrient for many mammalian cell types and indeed some tissues, such as the brain, are almost entirely dependent upon it as an energy source. In most mammalian cells, uptake of this hydrophilic sugar molecule across the hydrophobic core of the plasma membrane occurs by the passive process of facilitated diffusion, catalysed by members of a small family of related sugar Abbreviations used: GLUT, glucose transporter; NHS-LC-biotin, sulphosuccinimidyl-0-(biotinamid0)hexanoate.
transporters. The first of these transporters to be cloned was the glucose transporter of human erythrocytes and the blood-brain barrier (GLUT 1 isoform) and this remains the best characterized member of the family [l] . Interestingly DNAsequencing studies have shown recently that, whereas the mammalian passive glucose transporters are not related to the active, sodium-linked glucose transporters of mammalian small intestine and kidney, they do exhibit sequence similarity both to passive and to active, proton-linked sugar transporters in other organisms. These include transport proteins from higher plants, green algae, protozoans, yeasts, cyanobacteria and eubacteria [2] .
Characteristically the members of this large sugar-transporter family have 12 hydrophobic segments of sequence, which are predicted to form membrane-spanning a-helices [ 1, 21. Direct evidence for the highly a-helical nature of the proteins has come from circular-dichroism [ 3 ] and i.r.-spectroscopic [4] studies of the purified humanerythrocyte glucose transporter (GLUT 1). The existence of a 12-helix structural 'motif is also supported by examining the aligned sequences of the proteins. These reveal the presence of insertions and deletions only in those regions of the sequences which are predicted to form extramembranous loops connecting the putative transmembrane helices. Studies employing vectorial proteolytic digestion and site-directed antibodies as topological probes have probed evidence for the cytoplasmic location of the C-terminus of GLUT 1 [5, larly evidence has been obtained for the cytoplasmic location of a large, hydrophilic loop connecting putative helice 6 and 7 of GLUT 1 and for the extracellular location of the loop connecting helices 1 and 2, which includes the glycosylation site in this glycoprotein [5, 71. Thus the sugar transporter is predicted to span the membrane 12 times, with both the N-and C-termini on the cytoplasmic face of the membrane [l] . However, there is currently little further direct evidence for such a predicted topology and the aim of the present study was to provide such evidence, by identifying exofacial lysine residues within the primary structure of GLUT 1. This was achieved by chemically modifying intact human erythrocytes with the membraneimpermeant, amino-group-specific biotinylating reagent sulphosuccinimidyl-6-(biotinamido)hexanooate (NHS-I,C-biotin). Following purification of GLUT 1 from the cell membranes, the sites of biotinylation were investigated by proteolytic digestion and identification of the biotinylated fragments on Western blots using streptavidin reagents.
Methods
Human erythrocytes obtained from fresh blood were washed and then resuspended at a haematocrit of 25% in 200 mM Hepes, pH 8.1. Exofacial biotinylation was achieved by incubation with 1 mM NHS-1,C-biotin, at O' C, for 1 h, unless otherwise indicated in the text. Excess reagent was then quenched by adding a tenfold molar excess of glycine and membranes were prepared by hypotonic lysis. GLUT 1 was purified from the biotinylated membranes using the procedure of Cairns et al. [8] . Limited proteolytic digestion of the biotinylated transporter in 50 mM sodium phosphate, 100 mM NaCl and 1 mM EDTA, pH 7.4 was achieved by adding 5% (w/w) diphenylcarbamyl chloridetreated trysin at 0, 2 and 4 h. After a total of 6 h incubation at Z'C, the digestion was terminated by adding bovine-lung aprotinin, to give a final concentration equal to that of trypsin by weight. Samples were then electrophoresed on 12% SDS/ PAGE gels and subjected either to staining with Coomassie Blue or to electrophoretic blotting onto nitrocellulose, using previously described procedures [9] . Riotinylated proteins were detected on the blots either colorimetrically, after incubation with an alkaline-phosphate conjugate of streptavidin, or using a peroxidase conjugate of streptavidin and an enhanced chemiluminescence (ECI,) detection kit, as described by the manufacturers (Amers ham).
Results and discussion
T o establish the optimal conditions for exofacial biotinylation of the cells, human erythrocytes were treated with NHS-LC-biotin for periods up to 2 h, as described in the Methods section. Membranes were then prepared and their relative biotin contents assessed by slot-blotting onto nitrocellulose, colorimetric staining using streptavidin-alkaline phosphatase and then reflectance densitometry. Figure 1 shows that the incorporation of biotin into the membranes reached a maximum after approx. 1 h incubation with the biotinylating reagent and so
Figure! I Time course of exofacial biotinylation of human erythrocytes
Intact human erythrocytes were incubated with I mM NHS-LC-biotin, as described in the text. At the indicated times samples were taken for the preparation of membranes, which were slot-blotted onto nitrocellulose and then their relative biotin contents determined colorometrically using a streptavidin-alkaline phosphatase conjugate and reflectance densitometry. Volume 21 this period was used for all subsequent labelling experiments. The membrane-impermeability of the reagent was assessed by comparing the pattern of labelling of membrane proteins seen when intact erythrocytes were treated with the reagent with that resulting from biotinylation of unsealed erythrocyte membranes under the same conditions. In intact cells no labelling of the major peripheral protein spectrin, which lies on the cytoplasmic surface of the membrane, was observed (Figure 26 ). In contrast this protein was strongly labelled in unsealed membranes, confirming the impermeability of the reagent (Figure 2a) .
The major protein band labelled by the reagent in intact cells appeared to be the anion transporter, which migrates with an apparent M, of 100000 on SDSIPAGE gels, although faint labelling of a broad band of apparent M, 50000, equivalent to that of the glucose transporter, was apparent ( Figure 2u ). Exofacial biotinylation of GLUT 1 was confirmed by purification of GLUT1 from the membranes using standard procedures, which yielded a biotinylated protein that migrated with a mobility corresponding to the authentic glucose transporter on Western blots ( Figure Zc) . The purified, biotinylated protein retained its ability to bind the transport inhibitor cytochalasin H (data not shown) and so the tertiary structure and membrane topology of the transporter was unaffected by biotiny lation.
Labelling of the transporter by NHS-LCbiotin in intact cells indicated that the protein contains at least one exofacial lysine residue. The site(s) of labelling were investigated further by limited proteolysis of the native, membrane-bound transporter followed by blotting to identify biotinylated fragments (Figure 2 4 . Digestion with trypsin yielded a prominent labelled fragment that migrated with an apparent M, 18000 and known from previous studies to consist of residues 270-456 of the transporter sequence [5, 71. Labelling of this fragment is consistent with the prediction that I,ys3,,,,, in the hydrophilic linker between putative transmembrane helices 7 and 8, is exofacial [I] . Labelled fragments that migrated as a sharp band of lower M, were seen on the blot also and may have resulted from further cleavage of the fragment. In addition a broad region of labelling of apparent M, 30 000-50 000 was seen on the gels. This region contains a fragment consisting of residues 1-212 of the transporter, which migrates as a broad band as a result of heterogeneous glycosylation at [5, 71. Its labelling is consistent with the prediction that the N-terminal half of the transporter contains four exofacial lysine residues, at positions 38, 114, 117 and 183 [l] . In the future it is hoped to identify the sites of labelling more precisely by using immobilized streptavidin to purify smaller biotinylated fragments resulting from more extensive digestion of the transporter, and a panel of site-specific anti-pep-
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Western-blot analysis of biotinylated erythrocyte tide antibodies [7] to identify the position of the membrane proteins labelled peptides.
Samples (40 p g protein) of (a) biotinylated erythrocyte membranes, (b) membranes prepared from exofacially-btotinylated intact erythrocytes (40 p g protein), (c) biotinylated transporter purified from the latter (10 p g protein) and (d) a tryptic digest of the purified transporter (10 p g protein), were electrophoresed on a 12% SDS/PAGE gel and then electrophoretically blotted onto nitrocellulose Biotinylated proteins and their fragments were detected using either streptavidin-alkaline phosphatase (c) or streptavidin-peroxtdase (a, b, d) as described in Methods Positions of M , standards are indicated 
